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Abstract: Compared to deep brain electrical stimulation, which has been
applied to treating pathological brain diseases, little work has been done on
the effect of deep brain light stimulation. A fiber-coupled laser stimulator at
840 nm wavelength and 130 Hz pulse repetition rate is developed in this
work for deep brain light stimulation in a rat model. Concentration changes
in glutamate and dopamine in the striatum are observed using a
microdialysis probe when the subthalamic nucleus (STN) is stimulated at
various optical power levels. Experimental results show that light
stimulation causes the concentration of glutamate to decrease while that of
dopamine is increased. This suggests that deep brain light stimulation of the
STN is a promising therapeutic strategy for dopamine-related diseases such
as Parkinson’s disease. The stimulator developed for this work is useful for
deep brain light stimulation in biomedical research.
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OCIS codes: (170.5180) Photodynamic therapy; (170.3660) Light propagation in tissues;
(170.3890) Medical optics instrumentation; (170.1420) Biology; (170.1610) Clinical
applications; (170.0170) Medical optics and biotechnology.
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1. Introduction

Light stimulation has attracted continuous research interest and has been shown to have
varying efficacy on a variety of organisms and cell types [1-4]. Many research studies have
shown that infrared light stimulation has a positive effect [5] on traumatic brain injury [6] and
stroke [7]. Absorbed photons can be converted to useful energy for an organism: During
mitochondrial respiration, cytochrome ¢ oxidase (COX) is used as a light acceptor to
transform light energy into useful energy in the form of ATP for a cell. The converted energy
is stored in mitochondria to promote an increase in the secretion of many molecules used to
accelerate cell repair. This mechanism is well known for low-level light therapy [8, 9]. Most
modern instruments currently used for light stimulation, such as the light stimulation
instrument used to treat traumatic brain injury, are usually designed to illuminate the surface
of an organism but are unable to probe beyond surface level. To investigate responses inside
the brain, we developed an instrument coupled with stereotactic surgery, which deeply
penetrates the brain in vivo to precisely stimulate the target region. For deep brain light
stimulation therapy, this is a powerful method and an excellent candidate for further
development because it enables the experimenter to specifically target a deep brain region for
localized light stimulation.

Developing a treatment for Parkinson’s disease has been an important subject in medicine.
The neurotransmitter dopamine is essential in the pathophysiology of Parkinson’s disease
[10]. Patients with Parkinson’s disease have a decreased level of dopamine in the striatum
[11]. The cortico-striato-thalamocortical loop (CSTC) is considered to be the circuit
associated with Parkinson’s disease, and dopamine and glutamate play important roles in the
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loop [12, 13]. The subthalamic nucleus (STN) sends glutamatergic projections to the globus
pallidus pars internalis (GPi) and substantia nigra pars reticulata (SNr) to control the release
of y-Aminobutyric acid (GABA) from the GPi and the SNr. Moreover, glutamate in the cortex
is modulated by glutamate produced in the thalamus, which is also influenced by GABA from
the GPi and SNr. Cortical neurons send glutamatergic projections to the striatum, forming
glutamatergic cortico-striatal synapses. The striatum then sends GABAergic projections to the
substantia nigra pars compacta (SNc) to control dopamine release from the SNc to the
striatum. An indirect pathway also connects the STN and the striatum: GABAergic cells in the
striatum project to the globus pallidus pars externalis (GPe), which then sends GABAergic
projections to the STN. Consequently, it is important to study changes in striatal glutamate
and dopamine concentration when the STN is stimulated.

Currently, drug administration is the most widely used treatment for Parkinson’s disease
[14]. Dopamine pills cannot be directly taken due to the blood—brain barrier. Levodopa is
widely known for treatment of Parkinson’s disease because it can cross the blood—brain
barrier to increase the dopamine level in the central nervous system [15]. Other drugs, such as
amantadine, are also used [16]. These drugs temporarily alleviate the symptoms of
Parkinson’s disease, but their efficacy decreases over time. In addition, the drug treatment
causes many side effects such as hypotension, arrhythmias, nausea, disturbed respiration, and
auditory and visual hallucinations. For an effective treatment, it is important to maintain drug
efficacy while reducing any side effects.

Deep brain electrical stimulation is an effective treatment for Parkinson’s disease, but it is
only used for patients in the advanced stages of the disease. Release of striatal dopamine is
enhanced by stimulating the STN to reduce the symptoms of Parkinson’s disease [17-22]. In
this treatment, electrodes are implanted in the STN and the patient is able to control a switch
that generates current stimulation at a frequency of 130 Hz. Although deep brain electrical
stimulation can reduce symptoms, it cannot repair the striatal neurons or prevent them from
further degeneration.

In our study, deep brain light stimulation is achieved using an optical fiber-coupled laser
stimulating system that we developed. To verify the feasibility of our instrument for
biomedical research, the light stimulator was used on adult male Sprague-Dawley rats. We
recorded changes in the concentration of striatal glutamate and dopamine caused by
stimulation to the STN with different optical power levels. The results were used to evaluate
whether it is possible to use deep brain light stimulation to treat Parkinson’s disease. Since
this technique applies low-level light stimulation, this method is relatively mild compared to
electrical stimulation and could possibly activate these striatal neurons. Deep brain light
stimulation has fewer side effects on the body; it also avoids the risk of encountering
electronic current instability during treatment.

2. Materials and methods
2.1 Deep brain light stimulator

A schematic of the deep brain light stimulator is shown in Fig. 1(a), and its overall external
appearance is shown in Fig. 1(b). To comply with the wavelength band of the tissue optical
window (650 nm — 1200 nm) [8], the original light source is a collimated continuous-wave
(CW) laser diode at a peak wavelength of 840 nm. The laser light is coupled to and guided by
an optical fiber so that it can be delivered to the deep brain target location through the optical
fiber at minimal injury to the brain tissue.
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Fig. 1. (a) Schematic of deep brain laser-light stimulator. (b) Overall external appearance of the
system.

Shown in Fig. 2 is the optical spectrum of the light stimulator measured with an optical
spectral analyzer (Anritsu MS9740A). Stable optical pulses are produced using an optical
chopper (Standford Research SR540) to modulate the CW laser light; the chopping frequency
can be varied from 4 Hz to 3.7 kHz. The optical chopper has a periodic structure, as shown in
Fig. 3(a), which alternately transmits or blocks the laser light to produce repetitive amplitude-
modulated laser pulses when its wheel spins. The pulse train is recorded with a silicon
photodetector (HINDS DET-200-002) of 1 MHz bandwidth and displayed on a real-time
oscilloscope (Agilent 54622A) of 100 MHz bandwidth. The repetition rate can be arbitrarily
controlled by varying the modulation frequency of the chopper. The waveforms of the
amplitude-modulated laser light at three modulation frequencies of 0 Hz, 50 Hz, and 130 Hz
are displayed in Fig. 3(b). Note that a modulation frequency of 0 Hz yields the CW output that
is not modulated by the optical chopper.
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Fig. 2. Optical spectrum of the light stimulator showing 840 nm peak wavelength.
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Fig. 3. (a) Periodic structure of the optical chopper. (b) Temporal waveforms of the amplitude-
modulated laser light at three modulation frequencies of 0 Hz (black), 50 Hz (red), and 130 Hz
(blue). Note that a modulation frequency of 0 Hz yields the unmodulated CW output.
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To transmit the laser light into the brain, the modulated laser light is coupled to a
multimode optical fiber using a microscope objective (10 x ). An optical fiber is a cylindrical
waveguide of a circular cross section, in which a high-index light-guiding core is surrounded
by a low-index cladding and a protecting layer. The irradiated dimension at the output end of
the optical fiber is determined by the core area of the optical fiber; therefore, the fiber core
diameter is one of the parameters to be considered in designing the light stimulator. One of
the most commonly chosen fiber core diameters is 50 um. Once the optical fiber is chosen,
the optical intensity on the illuminated target is tuned with the average output power of the
laser. The optical power is calibrated using an optical power meter with a silicon photodiode
sensor (Newport 918-SL-OD3). To confirm the stability of the illuminating optical power, the
optical power of the laser is always monitored before and after each light stimulation
experiment.

2.2. Parameters of light stimulation

The parameters of light stimulation include the wavelength, the modulation frequency, and
the optical power. The 840 nm peak wavelength of the light source used in this stimulator is
in the near-infrared spectral region. The repetition rate of the optical pulses produced by
modulating the CW laser light with the optical chopper is set at 130 Hz. The blue curve in
Fig. 3(b) shows the temporal waveform of these pulses. Three optical power levels of 2 mW,
5 mW, and 10 mW are used, which are calibrated with an optical power meter at the terminal
end of the optical fiber. The core and cladding diameters of the multimode optical fiber are 50
pm and 125 pm, respectively, and the overall diameter of the fiber including its outside
protecting layer is 250 um. Therefore, for laser powers of 2 mW, 5 mW, and 10 mW, the
averaged optical intensity at the illuminated spot are 102 W/cm?, 255 W/cm?, and 510 W/cm?,
respectively, and the cumulative optical energies of light stimulation over a time duration of
60 s are 0.12 J, 0.3 J, and 0.6 J, respectively. The above parameters are summarized in Table
1.

Table 1. Deep Brain Light Stimulation

Optical Parameters Effect
Glutamate Dopamine
Optical Power Optical Intensity Concentration Concentration
(mW) (W/em?) Optical Energy (J) Change Change
2 102 0.12 S NS
5 255 0.3 S NS
10 510 0.6 S S

NS: No statistical difference.
S: Group significantly different from sham group.

2.3 Light stimulation experiment on rats

Adult male Sprague-Dawley rats weighing 370 + 30 g were used in the following
experiments. All of the animals were kept on a 12-hour light/dark cycle and were allowed free
access to food and water. All experimental procedures conformed to the guidelines of the
National Institute of Health, Taiwan and were approved by the Animal Care and Use
Committee of Chi-Mei Medical Center to minimize discomfort to animals during surgery and
recovery.

Rats were anesthetized using sodium pentobarbital before the experiment. The animals
were head-fixed with a stereotactic apparatus, which allowed for the brain to be positioned
correctly in order to locate the STN and striatum. As shown in Fig. 4(a), the terminal end of
the optical fiber from the light stimulator was precisely located at the STN (anterior—posterior
-3 mm, left lateral + 0.5 mm, and height =7 mm from the bregma) and the microdialysis
probe was placed in the striatum (anterior—posterior + 1 mm, lateral + 2.9 mm, and height —7
mm from the bregma). Using the microdialysis probe to extract cerebrospinal fluid (CSF),
cortical responses to light stimulation with different optical parameters can be studied by
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analyzing the concentration changes, caused by light stimulation, of the chemical ingredients
in the extracted CSF.
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Fig. 4. (a) Schematic top view of the rat brain. A rat is fixed on a stereotactic apparatus, which
is used to accurately locate the stimulus fiber in the targeted STN and the microdialysis probe
in the striatum. (b) Flow diagram of the experimental protocol.

The experimental protocol is shown as a flow diagram in Fig. 4(b); the unit time of
extracting CSF is 1 hour. The intracranial insertion of an optical fiber and a chemical probe
caused large initial fluctuations in the chemical composition in the CSF of the rat. Because the
CSF chemical composition returned to its baseline 2 hours post-insertion, there was a 2-hour
buffer period following the insertion of the fiber and probe to allow the CSF chemical
composition to stabilize. After this rest period, a tube of 72 pLL CSF was collected through the
microdialysis probe at a rate of 1.2 uL/min over the unit collection time. This initial collection
served as the sampling reference tube and all subsequent collections were normalized to this
baseline. The brain was then stimulated with one of three different power levels of laser light
for 1 minute and another tube (Tube 2) of 72 pL. CSF was collected. This second collection
was the affected variation. The sham group did not receive light stimulation, but the rest of
the experimental protocol was precisely followed, including the intracranial insertion of the
optical fiber and the extraction of CSF. A total of 20 rats were used in this experiment: 5 for
each stimulation group of the three different stimulation power levels and 5 for the sham
group. To study the effect of light stimulation on the striatum, changes in the striatal secretion
of both dopamine and glutamate were analyzed [23]. Aliquots of the CSF were injected onto a
CMA 600 microdialysis analyzer (Carnegie Medicine) for the measurement of glutamate. The
concentration of dopamine in CSF was measured by high-performance liquid chromatography
using a two-channel electrochemical detector (LC-4C; Bioanalytical Systems, West Lafayette,
IN).

2.4 Statistical analysis

The experimental data of physiological responses are analyzed using analysis of variation
(ANOVA) to find statistically significant responses caused by light simulation at different
power levels compared to the sham group. The statistical value of each set of data is
expressed in the form of u+o, i.e., mean £ standard deviation. The statistical significance
level is set at a p-value < 0.05; data of such significance level are marked with * in the figures
presented in the following section. Data of even higher statistical significance are marked
with ** for a p-value < 0.01 and with *** for a p-value <0.005.
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3. Experimental results

The effects of light stimulation were quantified by the light-induced changes in the
concentration of glutamate and dopamine following extraction of CSF from the striatum. In
order to properly evaluate the impact of light stimulation on changes in the concentration of
these neurotransmitters, we defined the normalized concentration of each neurotransmitter as
the ratio of its concentration in the variation tube (Tube 2) to that in the reference tube (Tube
1). For the sham group, the variation tube was collected without light illumination.

As shown in Fig. 5, normalized glutamate concentrations of the three stimulation groups
were 1.27 + 0.26 (p = 0.0041), 1.00 + 0.59 (p = 0.0151), and 1.31 + 0.36 (p = 0.0025) for
stimulation with optical powers of 2 mW, 5 mW, and 10 mW, respectively, compared to 2.37
+ 0.27 for the sham. The corresponding p-values for the three illumination groups were
determined with respect to the sham. These data show that light stimulation at all three power
levels causes a clear decrease in glutamate concentration.

3

*kk * *k*k

—1—

Normalized Glutamate
Concentration
T
—t—
—

l

D 1 L 1
2mwW 5 mw 10 mW Sham

Fig. 5. Effects of light stimulation on glutamate in the striatum at three different optical power
levels (2 mW, 5 mW, and 10 mW). The normalized glutamate concentration varies with the
stimulating optical power. Sham animals were not optically stimulated. (N = 5 in each
column.)

Concentration changes in striatal dopamine were also analyzed. As shown in Fig. 6, the
normalized dopamine concentrations of the groups stimulated with optical powers of 2mWw,
5mw, and 10 mW were 0.89 + 0.34 (p = 0.1241), 0.91 £ 0.21 (p = 0.0787), and 1.35 £ 0.37 (p
= 0.0349), respectively, while that of the sham group was 0.64 + 0.21. The corresponding p-
values for the three illumination groups were determined with respect to the sham. The
increased secretion of dopamine caused by light illumination at 10 mW power was
statistically significant, but the increases caused by illumination at 2 mW and 5 mW were not
significant with respect to the sham. By comparing Fig. 6 with Fig. 5, it is clear that the
response of the dopamine concentration to light stimulation is opposite to that of the
glutamate concentration; light stimulation promotes dopamine secretion but suppresses
glutamate secretion.
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Fig. 6. Effects of light stimulation on dopamine in the striatum at three different optical power
levels (2 mW, 5 mW, and 10 mW). The normalized dopamine concentration varies with the
stimulating optical power. Sham animals were not optically stimulated. (N = 5 in each
column.)

4, Discussion

This is the first study to investigate concentration changes in dopamine and glutamate in
response to deep brain light stimulation in vivo by using an optical fiber located in the STN
while collecting the secreted CSF to measure chemical changes in the striatum. The light
stimulator developed in this work is useful for precise execution of light stimulation with
minimal injury even at deep brain locations that cannot be optically reached by external
illumination [24]. The results presented above show that this device can serve as an important
foundation for future studies on laser light therapy in dopamine-related diseases, such as
Parkinson’s disease.

Deep brain light stimulation is distinct from deep brain electrical stimulation. Cells
stimulated by light at a proper wavelength and power are able to convert the photon energy
into a usable substance, such as ATP, so that cell function can be activated or improved.
Whereas traditional light stimulation methods such as percutaneous laser ablation for osteoid
osteoma destroy cells by thermo-accumulation, laser therapy attempts to stimulate the cells
instead of destroying them [25]. Deep brain light stimulation will likely play an important role
in the future development of biomedical research and treatment.

By using a properly chosen light-guiding optical fiber, the light stimulator greatly reduced
the intracranial lesion to a small diameter of only 250 um, and the tunneling path was
precisely controlled and guided by using the stereotactic apparatus to minimize brain injury.
The light-guiding structure of the fiber chosen for our system consists of only the core and the
cladding within a diameter of 125 um. The protecting layer of 250 um outside diameter only
serves to protect the fiber. This diameter is necessary to preserve fiber strength for insertion
into deep regions in the brain; stripping off the protecting layer could cause the fiber to break
during insertion. Here, CSF was extracted by a microdialysis probe so that the response to
light stimulation could be analyzed. For clinical practice, the microdialysis probe is not
necessary if the light stimulation mechanism and the parameters for the stimulation are well
known from the preclinical experiments that establish the practice. Thus, brain lesion and
injury resulting from the microdialysis probe insertion can be eliminated in clinical practice.
Compared to deep brain electrical stimulation, deep brain light stimulation in clinical
applications is minimally invasive with only a very small lesion created by the thin optical
fiber.

Concentration changes in striatal glutamate and dopamine were studied when the STN is
stimulated. Glutamate concentration is higher without light stimulation as in the sham group
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and is suppressed after light stimulation for 1 minute at each of the three power levels, as seen
in Fig. 5. In all three experimental conditions, changes in glutamate concentration in response
to light stimulation are statistically significant, indicating that there was a wide optical power
range for this effect. By contrast, increase in dopamine concentration in response to light
stimulation was statistically significant only at an optical power of 10 mW, but not at the
other two lower powers, as seen in Fig. 6. The effective power level for dopamine response is
clearly more specific than that for glutamate. It is clear that a proper optical power level has to
be found for a different light stimulation effect and the proper power level for a combination
of effects has to be found by considering the effective power range of each effect. The
experimental data shown in Figs. 5 and 6 indicate that the optical power of 10 mW is the best
choice to simultaneously suppress glutamate secretion and enhance dopamine secretion in the
striatum, triggered by light stimulation to the STN. Our results are consistent with previous
studies on electrical therapy of Parkinson’s disease: the release of dopamine to the striatum is
enhanced by stimulating the STN with high-frequency electrical stimulation [20, 21]. This
finding suggests that the deep brain light stimulation method can potentially be applied to
controlling or treating dopamine-related diseases, such as Parkinson’s disease.

5. Conclusions

Deep brain light stimulation can be implemented with minimal invasion or injury to the brain
for light therapy of neurological diseases using the fiber-coupled laser stimulator developed
for this study. This method differs from traditional light therapy on the surface of an organism
and it provides a way to directly study the intracranial response to light stimulation. By using
a flexible optical fiber with a small diameter of 250 um, the stimulator head can be deeply
inserted into the brain in vivo without causing severe damage along the tunneling path. Deep
brain light stimulation experiments performed on adult male rats show that stimulating the
STN with light can significantly suppress the secretion of glutamate while promoting the
secretion of dopamine that are projected to the striatum. These results suggest that deep brain
light stimulation of the STN is a promising therapeutic strategy for neurological diseases by
controlling the secretion of glutamate and dopamine to maintain the balance of the CSF
chemical composition. The stimulator developed for this work is also useful for deep brain
light stimulation in other biomedical research.
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